ABSTRACT During an electron-microscopic survey with the aim of identifying the parvovirus MVM transcription template, we observed previously unidentified structures of MVM DNA in lysates of virus-infected cells. These included doublestranded "lasso"-like structures and relaxed circles. Both structures were of unit length MVM DNA, indicating that they were not intermediates formed during replication; they each represented about 5% of the total nuclear MVM DNA. The proportion of these structures was unchanged after digestion with sodium dodecyl sulfate/Pronase and RNase and after mild denaturation treatment. Cleavage of the "lasso" structures with EcoRI restriction endonuclease indicated that the "noose" part of the "lasso" structure is located on the 5' side of the genomic single-stranded MVM DNA. A model is presented for the molecular nature of the circularization process of MVM DNA in which the "lasso" structures are identified as intermediates during circle formation. This model proposes a mechanism for circularization of linear DNAs.
Animal viruses having linear DNAs provide useful model systems for the study of eukaryotic DNA replication and somatic rearrangement in animal cells. For example, the parvoviruses have linear single-stranded DNA genomes with an Mr of about 1.5 X 106. The genomic DNA contains a stable hairpin duplex structure at its 5' terminus and a 3'-terminal hairpin structure suitable for priming complementary strand synthesis in vitro. Both hairpins are believed to be involved in the initiation of subsequent cycles of replication, generating complex doublestranded intermediates with a y-shaped appearance, as seen in the electron microscope (1) .
Based on the Cavalier-Smith model for replication of linear DNA (2) , Tattersall and Ward (3) have suggested the "rolling hairpin" model to explain how the structures at the ends of the linear MVM DNA are replicated. The central process in this model is the synthesis and rearrangement of the palindromic terminus to produce a "rabbit-eared" structure. Circular structures are not considered in this model because no circular forms of MVM DNA have been detected in lysates from infected cells.
The parvoviruses, because of their relative simplicity, also provide one of the best model systems to date for studying transcription and posttranscriptional modifications (4), specifically, the mechanism of splicing (5-7) and the physiological significance of this process in animal cells.
In a study with the aim of determining the MVM template of transcription, we have lysed MVM-infected cell nuclei with Triton X-100 and Sarkosyl, a procedure that we have found suitable for the analysis of simian virus 40 transcriptional complexes (8) , and analyzed the lysates by electron microscopy.
We report the occurrence in this lysate of "lasso"-like structures and circles of MVM DNA. A model is presented for the molecular nature of the circularization process of MVM DNA in which the "lasso" structures are considered as intermediates during circle formation. This model incorporates a mechanism for circularization of linear DNAs.
MATERIALS AND METHODS
Plaque-purified strain T of MVM was a generous gift of P. Tattersall. Virus propagation and purification were carried out as described (9) . A-9 cells, a derivative of the mouse L cell line (10) , were grown in 15-cm-diameter petri dishes in Dulbecco's modified Eagle's medium (GIBCO) with 5% fetal calf serum. Cultures were grown at 370C in an atmosphere containing 10% Co2.
Ten petri dishes each containing 6 X 106 A-9 cells were each infected with 5 ml of a suspension of MVM in phosphate-buffered saline (1-3 plaque forming units per cell). After a 30-min period at 370C for virus absorption, 20 ml of fresh medium containing 5% fetal calf serum was added to each culture. Additionally, 0.1 mCi (1 Ci = 3.7 X 1010 becquerels) of [methyl-3H]thymidine (38.4 Ci/mmol, Nuclear Research Center-Negev, Beer-Sheva, Israel) was added to two of the cultures. At 20 hr postinfection, cells were washed twice with ice-cold phosphate-buffered saline and treated with Nonidet P-40 detergent (0.5%). The nuclear fraction was isolated (11) , and the nuclei were lysed with 0.3% Triton X-100 and 0.3% Sarkosyl in 0.2 M NaCl/10 mM Tris-HCl, pH 7.4/1 mM EDTA (8) . The cellular chromatin was pelleted by centrifugation at 30,000 X g for 20 min at 2°C, and the nucleoplasmic supernatant, before or after treatment with 0.5% sodium dodecyl sulfate (NaDodSO4)/ Pronase at 20 ,tg/ml at 26'C for 30 min, was sedimented through a 5-20% neutral sucrose gradient in 0.2 M NaCl/10 mM Tris-HCl, pH 7.4/1 mM EDTA. Pooled fractions from the sucrose gradient were treated with 10 ,ug of pancreatic RNase per ml at 26°C for 30 min. For control experiments, nucleoplasmic supernatant was prepared simultaneously from uninfected cells.
Samples (15 ,ul) from various fractions of the sucrose gradient were spread for electron microscopy by using either the Kleinschmidt aqueous procedure (12) as described by Davis et al. (13) or the urea/formamide technique (14) . Grids were rotary shadowed with platinum/palladium and examined by using a Philips 300 electron microscope. Molecules of interest Abbreviation: NaDodSO4, sodium dodecyl sulfate. 4289
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. which could be either dimers and larger forms of MVM DNA (9) Fig. 1 that the NaDodSO4/Pronase treatment has reduced the sedimentation rate of the labeled DNA, indicating that some proteins were still attached to the DNA extracted by the Triton/Sarkoskyl method (17) . We have scored in the electronmicrographs linear double-stranded DNA, "lasso" structures, and relaxed circles occurring before and after the NaDodSO4/Pronase treatment. The results, presented in Table  1 , show that the "lasso" structures and relaxed circles each represent about 5% of the total MVM DNA and that no significant differences can be detected between the treated and untreated samples. Similar results were obtained for RNase- Fig. 1 , were spread for electron microscopy by the aqueous technique. The occurrence of linear unit length MVM DNA, "lasso" structures, and relaxed circles in each preparation was determined. treated samples. Because the circular DNA-protein complex of adenovirus is linearized under similar NaDodSO4/Pronase treatment (18, 19) , it appears that, if a protein links the ends of the MVM DNA molecule to form the relaxed circles or the "noose" in the "lasso" structures, it should be different from that in adenovirus.
Are "Lasso" Structures Intermediates during Replication? The lengths of the "lasso" structures and the circumferences of the relaxed circles were compared to those of linear double-stranded MVM DNA and genomic DNA. If the "lasso" structures are replicating intermediates, their lengths should increase with an increase in the proportion of the "noose" length in the "lasso" compared to its linear part, reaching a circle having a circumference twice as long as that of the original linear DNA (i.e., 3 gim). In the histograms presented in Fig. 4 , the "lasso" structures and relaxed circles show sharp peaks at (20, 21) leads to a value of 4400 ± 314 for the number of base pairs accommodated on all forms-of double-stranded MVM. Similar results for the length of MVM DNA were found by Bourguignon et al. (9) . The results presented here, therefore, indicate that the "lasso" structures are not intermediates during replication.
Is There a Preferred Side on Viral DNA for the "Noose" of the "Lasso"? Electron microscopic analysis of "lasso" structures cleaved with EcoRI restriction endonuclease showed that cleavage of double-stranded DNA occurred at two sites. These sites were mapped at 20.5 and 31.5% from the corresponding 3' and 5' ends of the 'genomic DNA molecule, respectively (1). If there is no preferred side for the "noose," then a mixed population of cleaved "lasso" structures, 20.5 and 31.5% of the unit length MVM DNA, would be expected. Fig. 5 shows some typical cleaved "lasso" structures. Lengths of the cleaved structures are shown in Fig. 6 . A histogram with a single peak, corresponding to 33.3 + 1.5% of the whole length of the viral DNA, was obtained, indicating that the "noose" of the "lasso" Fig. 3 were selected at random. Note no accumulation of any specific size of the "noose" part in the "lasso" structures. (B) All the circles measured (Fig. 3B) were relaxed. structure is located mainly at the side corresponding to the 5' end of the genomic DNA.
Molecular Nature of the Circularization Process. The data presented lead us to suggest that the "lasso" structures represent steps in the circularization process of the linear double-stranded MVM DNA. Fig. 7 presents a model of this process.
The first steps (I-IV) proposed for the circularization process are the same as those in the "rolling hairpin" model (3) . Namely, the gap-fill synthesis of the complement d of sequence D (step II) is followed by displacement synthesis and gap-fill synthesis so that the 5'-terminal hairpin sequence aBA (step III) is copied. The palindrome is now rearranged to a "rabbit-eared" structure (step IV).
We suggest that the next step is ligation of the 5' A sequence and 3' a sequence of the "rabbit-eared" structure (step V). Each of the "rabbit ears" can then rotate as shown in either step VI or step VI'. Both configurations are presumably not stable, because sequences B and b are not base-paired. A more stable configuration, in which sequences B and b are base-paired, would obtain if, instead of base pairing within the palindrome, base pairing occurred between the complementary sequences of the two palindromes. Steps VII, VII' and VIII, VIII' represent intermediates formed during this process. This step can yield two types of "lasso" structures: the ligated Aa sequences can either be interwrapped between the D and d sequences (step IX) or they can overwrap sequence Dd (step IX'). Once the "noose" is formed, it can slide towards the opposite end of the molecule (step X and X'). It is noteworthy that an interwrappmg initiation mechanism has been suggested for formation of the recombination intermediates that require no DNA synthesis (22) . It is possible, although unlikely, that NaDodSO4/Pronase-resistant protein or a nuclear membrane component is present at the junction of the "noose" and stabilizes it.
If the interwrapping structure is the correct one, then a is suggested by three observations: (i) they were found in infected and not in uninfected cells, (ii) the lengths of the "lasso" structures and circles were found to be the same as that of genomic MVM DNA, and (iii) EcoRI restriction enzyme cleaved the "lasso" structures at sites typical for MVM DNA. The ability to withstand mild denaturing conditions indicates that the "noose" must be connected at the fork region in a way that maintains the continuity of the four polynucleotide chains. The fact that these structures were not destroyed by NaDodSO4/Pronase and RNase treatments indicates that no protein nor RNA links the "noose" to the linear part of the "lasso." The growth of the "noose" during sliding, as shown in Fig. 7 , may involve an unwinding protein (23) acting cooperatively in melting the double-stranded DNA and orienting the sliding of the single strand. The same unwinding protein can also reverse the effect of facilitating base pair alignment between the single strands (23) . There may be contributions by still unknown proteins that, together with the unwinding protein, participate in the sliding process. The location of the eukaryotic unwinding protein in the nuclear membrane, associated with lipids (24) , is in agreement with the suggestion that the "lasso" structures and relaxed circles are attached to nuclear membrane (see below). The unwinding protein could still be attached to the "lasso" structures and relaxed circles extracted by the Triton/Sarkosyl method, because some proteins were subsequently removed by NaDodSO4/Pronase treatment (see Fig. 1 ).
The question of why "lasso" structures and relaxed circles of MVM DNA have not been observed previously may be connected with the procedure for preparing infected cell lysates. In the present study, the lysates were prepared by using a combination of the nonionic detergent Triton X-100 and the ionic detergent Sarkosyl, instead of the more commonly used procedure of Hirt (25) in which the nonionic detergent is not included. Indeed, when infected-cell lysates were prepared by the Hirt method, we were unable to detect any relaxed circles and found only a very limited number of "lasso" structures. It is, therefore, suggested that the "lasso" structures and relaxed circles of MVM DNA may be attached to a nuclear membrane that is lysed by Triton X-100. It is also possible that "lasso" structures and relaxed circles were lost in the Hirt pellet. "Lasso"-like structures were observed in infected-cell lysates of another parvovirus (H-1) (15), prepared by the Hirt procedure. However, because these structures appeared to only a very limited extent, their significance was considered open to question (15) .
It is noteworthy that no superhelical forms of MVM DNA were observed in the present study, suggesting that the interlocking of the double-stranded DNA prevents superhelicity of the circle. The failure to observe supercoiled circles may reflect only their rarity in infected-cell lysates. It should be pointed out, however, that we have not ruled out the unlikely possibility that the described structures were produced during the isolation of the DNA.
According to the model presented in Fig. 7 , linear DNA with palindromic structures and ligated ends can circularize after sliding. Because of these limited demands for circularization, it seems quite simple for any linear DNA, chromosomal or viral, like that of the RNA tumor viruses, for example, to circularize. Indeed, eukaryotic cells often contain populations of circular DNAs that derive at least in part from chromosomal DNA (26) . Moreover, a precursor-product relationship has been demonstrated between cytoplasmic linear and covalently closed nuclear forms of avian sarcoma virus DNAs (27) . In both cases, the molecular nature of the circularization process has not been characterized and no biological function has been assigned to Proc. Natl. Acad. Sci 
